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Metastable atom and electron density diagnostic in the initial stage of
a pulsed discharge in Ar and other rare gases by emission spectroscopy
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1Air Force Research Laboratory, Wright-Patterson AFB, Ohio 45433, USA
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(Received 22 December 2011; accepted 23 January 2012; published online 23 February 2012)
Temporal measurements of the emission intensities of the Ar 419.8 and 420.1 nm spectral lines
combined with Ar plasma modeling were used to examine the metastable atom and electron
density behavior in the initial stage of a pulsed dc discharge. The emission intensity measurements
of these spectral lines near the start of a pulsed dc discharge in Ar demonstrated a sharp growth of
metastable atom and electron densities which was dependent on the applied reduced electric fields.
For lower electric fields, the sharp growth of metastable atom density started earlier than the sharp
electron density growth. The reverse situation was observed for larger electric fields. This presents
the possibility for controlling plasma properties which may be useful for technological
applications. Similar measurements with spectral lines of corresponding transitions in other rare
gases are examined.VC 2012 American Institute of Physics. [doi:10.1063/1.3686142]
I. INTRODUCTION
The development of simple and reliable plasma diagnos-
tics, that can provide more detailed information about
plasma conditions, is essential for understanding plasma
properties and further development of plasma engineering.1,2
Thus, many studies describing the development and imple-
mentation of different types and modifications of plasma
diagnostics can be found in the literature. Principles among
these studies are various types of optical spectroscopy (some
recent examples are Refs. 3–7) and Langmuir probes (see,
for example, Refs. 8–10). This paper is devoted to the imple-
mentation of a simple emissive spectroscopy technique for
diagnostics of metastable atom, Nm, and electron, Ne, den-
sities in the initial stage of a pulsed dc glow discharge in a
rare gas. At the beginning stage of a pulsed discharge, the
metastable, Nm, and electron, Ne, density build-up may be
abrupt.11,12 The variation of electric field applied to the dis-
charge can impact the ratio between different rate constants
which govern plasma physical-chemical reactions which in
principle could change the dynamics between the temporal
behavior of metastable atom and electron densities. Different
temporal behavior of metastable and electron densities in the
discharge could create a situation that would be useful for
regulating of plasma properties, including the electron
energy distribution function (EEDF), for example, due to the
creation of energetic electrons in plasma reactions such as
Penning ionization.13 The regulation of the charged particle
distribution functions in plasmas may be important in many
technological applications and therefore attracts the attention
of plasma researchers (see, e.g., Refs. 14 and 15). While this
paper does not intend to examine plasma phenomena and
their corresponding effects, for example, the creation of fast
electrons arising from Penning ionization, it will give a
simple experimental demonstration of the change in relative
electron and metastable densities dynamics. Experimental
demonstration of the effect in other rare gases is also
presented.
In this paper, optical emission spectroscopy is used to
measure the metastable atom and electron density build-up
in the initial stage of a pulsed dc discharge. The measure-
ments are obtained from the temporal behavior of 419.8 and
420.1 nm Ar line intensity emission in an Ar discharge. The
possibility of utilizing these lines for relative metastable
atom/electron density diagnostics in plasmas was previously
suggested by DeJoseph and Demidov,16 where the emission
intensity from 419.8 to 420.1 nm Ar lines for the qualitative
analysis of a pulsed, rf power discharge was described. Later,
Jung et al.17 measured the corresponding Ar cross-sections
enabling more precise quantitative diagnostics. Adams
et al.18,19 have demonstrated that relative intensity measure-
ments of the spectral lines can provide information about
absolute Ar metastable atom density in plasmas.
In Sec. II, modeling results of the direct and stepwise
excitation rates for Ar lines 419.8 and 420.1 nm as well as
the dependence of their intensity ratio on the reduced electric
field E/N and relative electron and metastable atom densities,
Ne=N, and Nm=N, respectively are presented. Here, N is the
density of ground state atoms. The modeling results can be
used for analysis of the Ar spectral lines 419.8 and 420.1 nm
in specific plasma situations. In Sec. III, a simple global
model for the initial stage of a pulsed dc discharge is
described. The model demonstrates the fast growth of Ne and
Nm and describes the potential control of the relative electron
and metastable atom growth by the dependence on E/N. Sec-
tion IV describes the experimental set-up with results of
experiments in Ar, Ne, and Xe presented in Sec. V. Conclu-
sions are given in Sec. VI.
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II. EMISSION LINE RATIO METHOD FOR ARGON
PLASMA DIAGNOSTICS
The 419.8 and 420.1 nm Ar lines originate from 3p5 and
3p9 (Paschen notation) levels, respectively. A partial energy
level diagram, showing the spectral lines, is shown in Fig. 1.
The proximity of 419.8 and 420.1 nm Ar lines makes
them very convenient for spectral measurements because
this renders additional calibration due to detector and equip-
ment sensitivity unnecessary. At the same time, it may also
be important that excitation thresholds for both lines from
lower levels are approximately the same.
To derive practical information from the emission line
intensities, the population rate constants of the energy levels
from various plasma processes are required. Excitation rate
constants by electron impact from the lower states were
obtained from a numerical model of the Ar plasma. Since the
model has been described in detail elsewhere,20 only a brief
outline will be given here. The model includes direct, step-
wise and Penning ionization, excitation of metastable levels,
mixing by electron collisions from the metastable to the reso-
nance level and its subsequent radiative deactivation. With
the aid of a separate Boltzmann solver, the electron reaction
rate constants and electronic transport coefficients were
found. The system of charged particles and metastable Ar
atom balance equations and the plasma electron energy
transfer equations, taking into account their three-
dimensional transfer due to the thermal conductivity was
solved self-consistently with the electric field and potential
obtained from Poisson’s equation.
Figure 2 shows electron optical excitation rate constants
to the upper level for 420.1 nm (K1a) and 419.8 nm (K2a) Ar
emission lines from the ground state, obtained from the numer-
ical plasma model using the cross-sections of Jung et al.17
Excitation rates from Ar metastable state, 3p5, 4s3, P2,
K1m for 420.1 nm and K2m for 419.8 nm are also shown.
From the figure, it is seen that both lines have almost equal
excitation rates from the ground state, but drastically differ-
ent excitation rates from the metastable state. It means that
in the absence of metastable atoms in the plasma, the line
intensities should be the same (the intensity ratio of the two
emission lines is  unity). However, in the presence of meta-
stable atoms, the 420 nm intensity could be dramatically
larger than the 419 nm intensity. Therefore, measurement of
the relative intensities of the 419 and 420 nm spectral lines is
a convenient indicator of the presence of metastable atoms.
The above calculations have been performed in the limit
of low electron and metastable density. Significant amounts
of metastable atoms and electrons in the plasma can change
the atomic energy level population rate constants and thus
change the emission intensities. It is possible, that the
increased metastable atom density will decrease the atomic
energy level population rate constants as a result of the
decrease of the energetic electron density in the EEDF tail
due to inelastic processes of electrons with metastable atoms.
At the same time, increasing electron density can lead to
decreased or increased atomic energy level population rate
constants due to relaxation of the EEDF and redistribution of
electrons over energies. Decreased atomic energy level pop-
ulation rate constants will take place if the EEDF has less
exciting electrons than the EEDF before relaxation and
increased rate constants in the opposite case. This means that
exact quantitative information on the metastable atom and
electron density can only be obtained after analysis of a spe-
cific plasma and can depend on Nm and Ne themselves.
These speculations on the influence of metastable atoms
and electrons on emission intensities have been confirmed by
modeling. Examples of the modeling results for 420.1 nm Ar
emission line are shown in Figs. 3–5.
Figure 3 shows decreasing atomic energy level popula-
tion rate constants from stepwise excitation and simultane-
ous increasing rate constants from direct excitation of 3p9
level due to increasing electron density. This is the result of
increasing electron density with energies above the first exci-
tation level due to electron-electron collisions and decreasing
electron density with energies between 3 and 6 eV due to
relaxation in the EEDF. Increasing metastable atom densityFIG. 1. (Color online) Ar energy level diagram with excitation to the 3p states.
FIG. 2. (Color online) Calculated excitation rate constants for 420.1 and
419.8 nm Ar emission lines from ground state, K1a and K2a, respectively,
and metastable Ar, K1m, and K2m, respectively. Vertical lines x1 and x2 indi-
cate E/N matching E/N in Figs. 11 and 10, respectively.
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leads to decreasing emission due to inelastic processes with
metastable atoms as shown in Fig. 4. Increasing the electron
density reduces this effect as seen in Fig. 5. It is also evident
in Figs. 3–5 that as a general rule, the influence of metastable
atoms and electrons vanishes for higher E/N which can make
discharges with high E/N diagnostically simpler. Although
not shown, K2a and K1m exhibit similar dependencies on met-
astable atom and electron densities.
The model confirms the predicted changes of the rate
constants due to variation of metastable atom and electron
densities. Therefore, any application of emission spectros-
copy for plasma diagnostics should take these dependencies
into account. However, as seen in Figs. 6 and 7, the ratio of
the excitation rate constants, K1a=K2a and K1m=K2m, is much
less sensitive to presence of metastable atoms and electron
than the excitation rate constants themselves (Figs. 3–5).
It is seen in the figures that, to within a few percent, the
excitation rate constants from the ground atomic state ratio,
K1a=K2a, is always close to unity for E=N < 700 Td while
for higher E/N, the ratio is less than unity. However, the ex-
citation rate constants from the metastable state ratio,
K1m=K2m varies between 4 and 8. In summary, it can be gen-
erally stated that the metastable atoms and electrons influ-
ence the rate constant ratios more at lower reduced electric
fields than at higher E/N and the influence vanishes at the
higher electric fields. This may be important, for example, in
rf plasmas similar to studied in Ref. 16.
III. GLOBAL MODEL OF INITIAL STAGE OF PULSED
DC DISCHARGE
The temporal variation of the metastable atom and elec-
tron plasma densities is described by a non-linear system of
kinetic balance equations,1,21 which, in general, can only be
FIG. 5. (Color online) Calculated excitation rate constants for 420 nm Ar
line: stepwise, K1m (upper set of 5 curves) and direct, K1a, (lower set of 5
curves) as function of E/N. Ar metastable to atom density ratio used for both
sets are in descending order: Nm=N ¼ 107 (red), 105 (green), 104 (blue),
103 (magenta), and 102 (orange). Nm ¼ 10Ne. Vertical lines x1 and x2
indicate E/N matching E/N in Figs. 11 and 10, respectively.
FIG. 4. (Color online) Calculated excitation rate constants for the 420 nm
Ar line: stepwise, K1m (upper set of 5 curves) and direct, K1a, (lower set of 5
curves) as function of E/N. Ar metastable to atom density ratio used for both
sets are in descending order: Nm=N ¼ 107 (red), 105 (green), 104 (blue),
103 (magenta), and 102 (orange). Ne is negligibly small. Vertical lines x1
and x2 indicate E/N matching to those in Figs. 11 and 10 correspondingly.
FIG. 6. (Color online) Calculated ratios of excitation rate constants
K1m=K2m (upper set of 6 curves) and K1a=K2a (lower set of 6 curves) as func-
tion of E/N. Electron to Ar atom densities used are in descending order:
Ne=N ¼ 0 (black), 108 (red), 106 (green), 105 (blue), 104 (magenta),
and 103 (orange). Nm is negligibly small. Vertical lines x1 and x2 indicate
E/N matching E/N in Figs. 11 and 10, respectively.
FIG. 3. (Color online) Calculated excitation rate constants for 420 nm Ar
line: stepwise, K1m (upper set of 5 curves) and direct, K1a (lower set of 5
curves) as function of E/N. Electron to Ar atom density ratio used are:
(lower curves, in ascending order: Ne=N ¼ 108 (red), 106 (green), 105
(blue), 104 (magenta), and 103 (orange). Same values of Ne=N used for
upper curves but in descending order. Nm is negligibly small. Vertical lines
x1 and x2 indicate E/N matching E/N in Figs. 11 and 10, respectively.
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solved numerically. In this section, a global model of non-
linear system of balance equations is presented and applied
to the initial stage of a pulsed, rare gas dc discharge. Analy-
sis of the plasma under the specific conditions present during
the initial development of the active discharge allows us to
simplify the system of equations and obtain an analytic solu-
tion.11,12,22 The analytical solution may be more convenient
than comprehensive numerical modeling for analysis of the
general behavior of plasma particles.
It is possible to show that at the initial stage of the dis-
charge, the time-dependant kinetic balance equations may be
reduced to the following simple system:
dNe
dt




¼ KexcNNe  KqNeNm: (2)
Here, Ki and Ksw are rate coefficients for ionization from the
ground and metastable states, respectively, Kexc is the rate
coefficient for direct excitation to the metastable level(s), Kq
is the rate coefficient for metastable quenching by electrons,
and sD is the diffusion time for electrons. Details of the con-
ditions which lead to the above simplification can be found
in Refs. 11 and 12.
In the case of using the emission from Ar to determine
metastable atom and electron densities, Eqs. (1) and (2)








¼ K2aNeN þ K2mNeNm  A2N2; (4)
where N1 and N2 are the densities of atoms in states 3p9 and
3p5, respectively. Taking into account that excited atom den-
sities are in quasi-equilibrium states, it can be shown that
line intensities are proportional to K1aNeN þ K1mNeNm and
K2aNeN þ K2mNeNm, respectively, for 420.1 and 419.8 nm
Ar emission lines.
The rate coefficients in Eqs. (1) and (2) depend on the
form of the EEDF. Therefore, in general, the EEDF needs to
be known as well as the corresponding cross-sections for
those processes. However, using simple approximations for
these coefficients11 and solving Eqs. (1) and (2), it is possible
to investigate the general behavior of Ne and Nm during the
initial stage of the discharge. From the general behavior of
Ne and Nm, the time between application of electric field and
the fast growth of Ne and Nm can be determined and explain
the observed experimental temporal dependencies.
If it is assumed that there is no electronic metastable
quenching (Kq ¼ 0), Eqs. (1) and (2) can be solved analyti-
cally as follows. Let a ¼ KiN  1=sD; b ¼ Ksw; c ¼ KexcN
and D ¼ ðaþ bNm0Þ2 þ 2bcNe0. Here, Nm0 and Ne0 are the
metastable and electron densities at the initial part of the
active discharge phase (following breakdown). Then, for
D  0


































For D < 0, one simply replaces D with jDj and replaces the
circular functions with their hyperbolic equivalents.
Fig. 8 illustrates the relative behavior of Ne and Nm cal-
culated from Eqs. (5) and (6). Basically the growth of both,
Ne and Nm, has two stages: a slow increasing of density after
application of the electric field (slow stage) followed by a
rapid growth (fast stage). However, depending on the
reduced electric field, the metastable slow stage may be lon-
ger for higher electric fields or shorter, for lower electric
fields as seen in Fig. 8 than for electrons.
This is because variation Ki and Kexc with respect to the
reduced electric field. The variation of Ki and Kexc with E/N
is shown in Fig. 9.
For lower reduced electric fields, E/N, Ki is smaller than
Kexc and for higher electric fields, the situation is reversed.
Note, that in the fast stage, the main ionization mechanism
may be stepwise ionization for lower electric fields or direct
excitation for higher electric fields, whereas in the slow stage
it is direct ionization. Thus, the global model demonstrates
that the dynamics of Ne and Nm behavior can be altered by
regulation of E/N. Temporally resolved emission experi-
ments described in the section illustrate this E/N dependent
behavior.
FIG. 7. (Color online) Calculated ratios of excitation rate constants
K2m=K1m (upper set of 6 curves) and K1a=K2a (lower set of 6 curves) as func-
tion of E/N. Electron to Ar atom densities used are in descending order:
Ne=N ¼ 0 (black), 108 (red), 106 (green), 105 (blue), 104 (magenta),
and 103 (orange). Nm ¼ 10Ne. Vertical lines x1 and x2 indicate E/N match-
ing E/N in Figs. 11 and 10, respectively.
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IV. EXPERIMENT
Experiments were performed in a 5 cm internal diameter
glass discharge tube with a cold cathode and the cathode-anode
inter-electrode distance was 22 cm. Spectrally pure Ar was used
with typical working gas pressures of between 1 and 20Torr.
Measurements were also made with pure Kr and Xe. The dis-
charge voltage was measured by a high voltage probe, while the
discharge current was measured with a Pearson probe current
sensor. Plasma emission was imaged perpendicular to the tube
axis, mid-way between the cathode and anode, by an optical
fiber. The fiber was coupled to the entrance slits of an Acton
0.5m spectrometer fitted with an Andor intensified charge-
coupled device (ICCD) camera. In Ar time-resolved emission in-
tensity measurements of 419.8 and 420.1nm lines were obtained
by temporal delay of the camera intensifier gate with respect to
the discharge pulse. In Ne spectral lines 345.4 and 347.3nm and
in Xe spectral lines 467.2 and 480.7 nm have been used.
V. RESULTS
Typical time-resolved spectral and electrical measure-
ments of Ar are shown in Figs. 10 and 11 for high (3 kV) and
low (1 kV) applied voltage, respectively.
From the voltage (black trace) and current (green trace)
traces of Figs. 10 and 11, it is evident that discharge current
growth and gas break-down is delayed with respect to the
application of the voltage pulse. The delay time depends on
the reduced electric field E/N in the gas. The current rise and
gas break-down occurs at a longer time-delay for lower volt-
age (Fig. 11) than for higher voltage (Fig. 10). Reducing the
electric field or increasing the gas pressure increases the
delay time.
FIG. 8. (Color online) Calculated time variation of metastable atom (red
trace) and electron (blue trace) densities (in arbitrary units) in the initial
stage of discharge for different E/N. For higher E/N, metastable atom lags
behind electron density curve while at lower E/N the reverse occurs.
FIG. 9. (Color online) Calculated rate constants Ki and Kexc as a function of
E/N for Ar. Vertical lines x1 and x2 indicate E/N matching E/N in Figs. 11
and 10, respectively.
FIG. 10. (Color online) Voltage (black), current (green) and time-resolved
emission at 419.8 nm (red) and 420.1 nm (blue) Ar lines in 5 Torr, 3 kV
applied voltage pulsed dc discharge. 419.8 nm Ar (5p[1/2]0 ! 4s[3/2]1) ter-
minates on non-metastable state and 420.1 Ar (5p[5/2]3 ! 4s[3/2]2) termi-
nates on lower metastable state. Dashed trace is the difference between
temporal response of 420 and 419 nm spectral lines.
FIG. 11. (Color online) Voltage (black), current (green), and time-resolved
emission at 419.8 nm (red) and 420.1 nm (blue) Ar lines in 5 Torr, 1 kV
applied voltage pulsed dc discharge. 419.8 nm Ar (5p[1/2]0 ! 4s[3/2]1) ter-
minates on non-metastable state and 420.1 Ar (5p[5/2]3 ! 4s[3/2]2) termi-
nates on lower metastable state. Dashed trace is the difference between
temporal response of 420 and 419 nm spectral lines.
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The temporal behavior of the emission intensity of
419 nm line (red trace) coincides closely with the current
trace up to the emission maximum for both high and low
applied voltages. The 419 nm emission originates from the
Ar 3p5 level, produced mainly from direct electron excita-
tion and follows the electron current, eNelE, where e is the
electron charge, l is the electron mobility, and E is the elec-
tric field. Thus, the 419 nm emission is proportional to the
electron density growth. On the other hand, the behavior of
420 nm emission, originating from the 3p9 level, is much
more sensitive to the presence of metastable atoms and
depends on the reduced electric field. For smaller electric
fields (Fig. 11), the 420 nm emission rise precedes the cur-
rent growth while for the higher field (Fig. 10), emission
rise coincides with the current (and emission of 419 nm
line) growth. In the last case, it means that metastable atom
density fast growth occurs after the electron density fast
growth in contrast to the small electric field case. This is
more easily seen in the difference of the emission lines in-
tensity (dashed trace). Here, the difference in emission is
clearly delayed with respect to the rise in current for higher
E/N (Fig. 10) than for lower E/N (Fig. 11). The difference
in emission is representative of the behavior of the metasta-
ble atom density. Both spectral lines are equally sensitive
to the presence of electrons (their ratio is  unity when the
metastable density is low); however, 420 nm line is much
more sensitive to the presence of metastable atoms (420 nm
emission is greater than 419 nm emission in the presence of
substantial amounts of metastable atoms). Thus, the E/N
dependence of the duration of the slow stages transition for
metastable atoms and electrons (shown in Fig. 8) is con-
firmed experimentally.
It is also possible to obtain quantitative information
about metastable atom density from these measurements.
Some information about obtain metastable atom density has
been previously presented by Adams et al.18,19 and will be
published in more detail elsewhere. For an approximate eval-
uation of Nm, the Ar spectral lines 419.8 and 420.1 nm inten-
sity ratios and Figs. 2–7 can be used. This ratio is equal to
ðK2a þ K2mNm=NÞ=ðK1a þ K1mNm=NÞ and for the condition
investigated K1a  K2a. As an example, using values of
K1m;K2m, and K1a from Fig. 2, the metastable atom density is
determined to be roughly 2 1012 cm3 at 19 ls from the
line intensities in Fig. 11.
Similar pairs of emission lines can be identified in other
rare gases. In Ne, the transition lines are 345.4 and 347.3 nm
and in Xe they are 480.7 and 467.2 nm, respectively. Thus,
by measuring the temporal behavior of the corresponding
emission lines, changes in the metastable atom and electron
density can be determined for these other rare gases. Volt-
age, current, and emission measurements in Ne and Xe were
conducted. Typical measurements in neon for high and low
applied voltages (E/N) are shown in Figs. 12 and 13.
It is seen from those figures that the time-resolved emis-
sion lines exhibit very similar behavior with respect to E/N,
compared with the emission in Ar. The metastable atom and
electron density growth behaves differently, depending on
the reduced electric field. This also confirms the theoretical
prediction shown in Fig. 8. However, in order to evaluate the
Ne metastable atom density, emission from 347 nm Ne line
must be increased by a factor of 2.1 so that the emission
FIG. 12. (Color online) Voltage (black) and current (green) and time resolved
emission at 347.3 nm (blue) and 345.4 nm (red) Ne lines in 1Torr, 3 kV applied
voltage in pulsed dc discharge. 345nm Ne (4p[1/2]0 ! 3s[3/2]1) terminates on
non-metastable state and 347 nm Ne (4p[5/2]3! 3s[3/2]2) terminates on lower
metastable state. Dashed trace is the difference between temporal response of
347 and 345nm spectral lines.
FIG. 13. (Color online) Voltage (black) and current (green) and time resolved
emission at 347.3 nm (blue) and 345.4 nm (red) Ne lines in 20Torr, 1.5 kV
applied voltage in pulsed dc discharge. 345nm Ne (4p[1/2]0! 3s[3/2]1) termi-
nates on non-metastable state and 347 nm Ne (4p[5/2]3 ! 3s[3/2]2) terminates
on lower metastable state. Dashed trace is the difference between temporal
response of 347 and 345nm spectral lines.
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intensity is comparable to 345 nm emission of 345 nm for the
low metastable density case. This would suggest that the
cross-section for direct excitation of corresponding excited
Ne levels is correspondingly different. With 2.1 scaling fac-
tor, the metastable atoms behavior can be evaluated, similar
to the Ar case, with subtraction of the two emission line
intensities (shown in Fig. 12 by a dashed curve).
Measurements in Xe show similar corresponding spectral
lines and metastable atom and electron densities behavior.
Note, however, that in this case the emission line multiplica-
tive factor for metastable atom behavior comparison is 43.
An example of emission measurements in Xe for higher elec-
tric field is shown in Fig. 14.
VI. CONCLUSIONS
Measurements of emission intensities of spectral lines
pairs, 419.8 and 420.1 nm in Ar or corresponding lines in
other noble gases, may be a simple, convenient method to
measure metastable atom and electron densities dynamics in
plasmas. These emission intensity measurements experimen-
tally demonstrated that in the initial stage of a pulsed dc dis-
charge, the metastable state atoms and electrons behave
differently, depending on the reduced electric field applied to
the discharge. This difference in behavior can be used in
technological applications for regulating plasma properties.
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